Abstract The repeats-in-toxin family of toxins includes proteins produced by Gram negative bacteria such as Escherichia coli (a-hemolysin), Bordetella pertussis (adenylate cyclase toxin), and Aggregatibacter actinomycetemcomitans (LtxA), which contribute to the pathogenesis of these organisms by killing host cells. In the case of LtxA produced by A. actinomycetemcomitans, white blood cells are targeted, allowing the bacteria to avoid clearance by the host immune system. In its association with target cells, LtxA binds to a receptor, lymphocyte function-associated antigen-1, as well as membrane lipids and cholesterol, before being internalized via a lysosomalmediated pathway. The motivation for this project comes from our discovery that DRAQ5 TM , a membrane-permeable nuclear stain, prevents the internalization of LtxA in a Jurkat T cell line. We hypothesized that DRAQ5 TM , in crossing the plasma membrane, alters the properties of the membrane to inhibit LtxA internalization. To investigate how DRAQ5
Introduction
Aggregatibacter actinomycetemcomitans, the causative agent for localized juvenile periodontitis (Zambon 1985) and systemic diseases such as endocarditis (Paturel et al. 2004) , produces a number of virulence factors that aid the bacterium in colonizing its host. One of these virulence factors is leukotoxin (LtxA), a member of the repeats-intoxin (RTX) (Welch 1991) family of proteins that are produced by pathogens including Escherichia coli, Bordetella pertussis, and Vibrio cholerae. LtxA contributes to the pathogenesis of the organism by the targeted killing of white blood cells, allowing the bacteria to avoid clearance by the host immune system (Taichman et al. 1980 (Taichman et al. , 1984 (Taichman et al. , 1987 .
The specificity of LtxA for human white blood cells is due to the toxin's affinity for lymphocyte function-associated antigen-1 (LFA-1) (Kieba et al. 2007; Lally et al. 1997 ), a b2 integrin expressed by human immune cells. While a strong affinity has been shown between LtxA and LFA-1 (Kieba et al. 2007; Lally et al. 1997) , we have also shown that the toxin interacts strongly with receptor-free membranes, including binding to cholesterol-rich lipid rafts (Fong et al. 2006 ) via a cholesterol recognition amino acid consensus (CRAC) motif Miller et al. 2014) . Once bound to the membrane, LtxA undergoes conformational changes (Walters et al. 2013 ) and disrupts the bilayer structure of the membrane, before being internalized in a lysosomal-mediated pathway (Balashova et al. 2015; DiFranco et al. 2012) . Aspects of this mechanism, including association with lipid rafts and binding to a b2 integrin, are shared by the RTX toxins, B. pertussis adenylate cyclase toxin and Mannheimia haemolytica leukotoxin (Atapattu and Czuprynski 2007; Bumba et al. 2010) .
In a study to characterize the lysosomal-mediated pathway of LtxA, we discovered that the commonly used nuclear stain, DRAQ5 TM , altered the internalization of LtxA in target cells (Fig. 1) . DRAQ5
TM is a membranepermeable, anthracycline derivative originally developed as a chemotherapy drug. Because other anthracycline derivatives have been demonstrated to alter membrane fluidity (Jedrzejczak et al. 1999; Kaye and Merry 1985; Pacilio et al. 1998) , we hypothesized that DRAQ5 TM , upon crossing the plasma membrane, might alter the structure of this membrane in a manner that prevents LtxA internalization. Thus, we undertook this project to determine the mechanism by which DRAQ5 TM inhibits LtxA internalization for the future identification of less toxic molecules to inhibit LtxA and RTX toxin activity. Our results demonstrate that at low concentrations, DRAQ5 TM decreases the fluidity of the membrane, which inhibits LtxA binding and bilayer disruption, leading to decreased activity of the toxin.
Materials and Methods
Chemicals 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) were purchased from Avanti Polar Lipids (Alabaster, AL, USA). Cholesterol was purchased from Sigma-Aldrich (St. Louis, MO, USA), and N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (NBD-PE) was purchased from Molecular Probes (Eugene, OR, USA). DRAQ5
TM and 6-dodecanoyl-2-dimethylaminonaphthalene (laurdan) were purchased from Thermo Fisher Scientific (Waltham, MA, USA).
LtxA Purification
A. actinomycetemcomitans strain JP2 was grown overnight in AAGM (Fine et al. 1999 ) supplemented with 12.5 lg/ mL vancomycin and 75 lg/mL bacitracin, and LtxA was purified from the culture supernatant as described previously (Kachlany et al. 2002) . SDS-PAGE and Western blot were used to confirm the purity of the toxin, and a cytotoxicity assay was used to confirm the activity.
LtxA was labeled with Alexa Fluor Ò 555 NHS Ester (Molecular Probes, Eugene, OR, USA) according to the manufacturer's instructions, with a slight modification. Specifically, after labeling, the toxin was purified from excess dye using a 40-K MWCO Zeba TM Spin Desalting column (Pierce Biotechnology, Rockford, IL, USA).
Cell Culture
Jn.9 cells were maintained in RPMI 1640 medium containing 10 % fetal bovine serum (FBS), 0.1 mM MEM non-essential amino acids, 19 MEM vitamin solution, and 2 mM L-glutamine, and 0.5 lg/mL gentamicin. K562 cell lines were grown in RPMI 1640 medium containing 20 % FCS, 100 U/mL penicillin, 100 lg/mL streptomycin, and 0.5 mg/mL G418. THP-1 cells were grown in RPMI medium containing 10 % FBS and 0.01 % 2-mercaptoethanol. All cell lines were grown at 37°C under 5 % CO 2 .
Liposome Preparation
The lipid film technique was used to prepare liposomes composed of DMPC or POPC. Stock solutions of each lipid (both at 25 mg/mL) were prepared in chloroform and then TM -mediated inhibition of LtxA internalization in Jn.9 cells. a TR-LtxA (red) was incubated with K562 cells expressing CFP-and YFP-labeled LFA-1 (green). After 30 min, TR-LtxA was found to be colocalized with lysosomes (blue). b K562 cells were first pretreated with 5 lM DRAQ5 TM according to manufacturer's instructions before addition of TR-LtxA. After 30 min, LtxA was found on the surface of the cell, but not in the cytosol. Scale bar 10 lm (Color figure online) added to a glass vial in the required amounts. The chloroform was fully evaporated under a stream of nitrogen, followed by vacuum-induced evaporation to create a thin lipid film on the glass surface. The resulting film was hydrated with liposome buffer (150 mM NaCl, 5 mM CaCl 2 , 5 mM HEPES, and 3 mM NaN 3 , pH 7.4) or DSC buffer (100 mM NaCl, 10 mM HEPES, pH 7.4) to create multilamellar liposomes (MLVs). Unilamellar vesicles (LUVs) were prepared from the MLV solutions by extrusion (MacDonald et al. 1991 ) through a 100-nm polycarbonate Whatman membrane (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA) with a LiposoFast Ò extruder (AVESTIN Inc., Ottawa, ON, USA).
Giant unilamellar vesicles (GUVs) were formed from a mixture of POPC/Chol/NBD-PE (79/20/1 mol%) dissolved in chloroform/acetonitrile (90/10 vol%) for a final lipid concentration of 4 mg/mL. The mixture was spin-coated onto indium tin oxide (ITO)-coated glass slides (SPI, West Chester, PA) using a Laurell WS-650-23 spin coater. The slides were then placed under vacuum for 30 min to remove any remaining solvent (Estes and Mayer 2005) . Two spincoated slides were separated by a polydimethylsiloxane (PDMS) spacer and filled with 18.2 MX/cm ultrapure water from a Milli-Q Ò Advantage A10 system (EMD Millipore, Billerica, MA, USA) and sealed. An electric field was applied for 3 h at 23°C to form the GUVs (Angelova et al. 1992) . GUVs were used within the same day.
Confocal Microscopy
Purified LtxA was fluorescently labeled with Texas Red-X Succinimidyl Ester (Thermo Fisher Science) in the following manner. LtxA was hydrated in PBS at a concentration of 0.125 lg/lL. The dye, dissolved in DMSO at 50 mg/mL, was mixed with the toxin at a concentration of 1.0 lg dye/lL protein. The mixture was shaken gently for 1 h in the dark, then dialyzed overnight against 4 L of PBS at 4°C in the dark.
K562 cells (Lozzio and Lozzio 1975 ) expressing a cyan fluorescent protein (CFP)-tagged aL cytosolic domain and a yellow fluorescent protein (YFP)-tagged b2 domain (Kim et al. 2003 ) at a concentration of 0.6 9 10 6 cells/mL were labeled with LysoTracker Ò Blue DND-22 (Thermo Fisher Scientific) for 30 min at 37°C and then washed. Texas Red-labeled LtxA (TR-LtxA) was added at a concentration of 1 9 10 -8 M; the cells were incubated for 30 min at 37°C and then washed twice in PBS. In a second experiment, the cells were first incubated with 5 lM DRAQ5 TM for 30 min, followed by LysoTracker Ò Blue and TR-LtxA.
Membrane Fluidity DMPC or POPC liposomes containing 0.1 % laurdan were incubated without DRAQ5 TM or with DRAQ5 TM at a concentration of 1, 5, 10, or 20 lM (lipid:dye ratios of 250, 50, 25, and 12.5, respectively). Steady-state emission spectra were recorded on a QuantaMaster 400 spectrofluorometer (PTI Horiba, Edison, NJ, USA) using an excitation wavelength of 340 nm. The fluidity of the membrane was quantified using the generalized polarization (GP):
where I 440 and I 480 are the fluorescence intensities at wavelengths of 440 and 480 nm, respectively. To measure DRAQ5 TM -induced alterations in membrane transition temperatures, the experiment was repeated as a function of temperature. DMPC liposomes containing 0.1 % laurdan were incubated without DRAQ5 TM or with DRAQ5 TM (2.5, 10, and 50 lM; lipid:dye ratios of 100, 25, and 5, respectively) at 10°C, and the GP was recorded. The temperature was then increased in 5°increments, and the GP of each sample was collected at each temperature.
Differential Scanning Calorimetry

DRAQ5
TM was added in varying amounts (2.5, 10, and 50 lM) to DMPC liposomes in DSC buffer, corresponding to lipid:dye ratios of 40,000, 10,000, and 2000, respectively. The samples were degassed and loaded into the sample cell of a differential scanning calorimeter (TA Instruments). Heating scans were run from 5 to 35°C at a heating rate of 0.5°C/min.
Membrane Disruption
The laurdan experiment described previously was modified to measure membrane disruption by LtxA. Because the fluorescence emission spectra of laurdan are sensitive to the presence of water (Sanchez et al. 2007) , changes in the packing of the bilayer induced by LtxA result in changes in GP. POPC liposomes containing 0.1 % laurdan were incubated with increasing concentrations of LtxA (0, 0.083, and 0.167 lM), and the GP was recorded for each sample. The experiment was then repeated with POPC liposomes that had been preincubated with 1, 5, or 10 lM DRAQ5 TM (lipid:dye ratios of 250, 50, and 25). The fluorescence emission spectra were recorded from 400 to 500 nm, with an excitation wavelength of 340 nm.
DRAQ5 TM Binding
GUVs were incubated for 30 min with or without DRAQ5 TM at a final concentration of 2.5 lM. The GUVs were washed three times using ultrapure 18.2 MX/cm water and then deposited onto ibiTreat l-Dishes (Ibidi, Martinsried, Germany) coated with poly-L-lysine (SigmaAldrich. St. Louis, MO, USA) for 30 min. Each l-Dish was then incubated with 30 ng of Alexa Fluor Ò 555-labeled LtxA for 30 min. Imaging was performed using a Nikon C2si? confocal microscope utilizing a LU-N4S laser unit and a 609 oil objective (N.A. 1.4). The images were processed using Elements v4.3, Nikon's imaging software suite.
Cytotoxicity
lM of DRAQ5
TM was preincubated with THP-1 or Jn.9 cells (1 9 10 6 cells/mL) for 15 min. LtxA (10-20 lg) was added to DRAQ5
TM -treated THP-1 or Jn.9 cells and to cells not treated with DRAQ5
TM . Untreated cells were used as a control. The number of live cells initially (N 0 ) was recorded, and then the samples were incubated for 3 h in 5 % CO 2 at 37°C. A final cell count (N 3 ) was then recorded. The percent viability after each treatment was calculated as follows:
Statistical Analysis
Statistical analysis of the data was performed using Sigma Plot 13 (Systat Software, Inc. San Jose, CA, USA) using two-way ANOVA or a Student's t test. In cases where p [ 0.05, we reported no statistically significant difference between the two datasets in question.
Results
DRAQ5 TM Inhibits LtxA Internalization in Target Cells
This work was initiated after an unexpected discovery in a confocal microscopy experiment. In this initial experiment, TR-LtxA was incubated with K562 cells expressing a CFPtagged aL cytosolic domain and a YFP-tagged b2 domain (Kim et al. 2003) . After 30 min, TR-LtxA was found to be colocalized with the lysosomes, which had been prestained with a LysoTracker dye (Fig. 1a) . However, when the cells were first incubated with DRAQ5 TM for 30 min, following the manufacturer's directions, to stain the nucleus, LtxA was found on the cell membrane, but not in the lysosomes (Fig. 1b) . DRAQ5
TM is a nuclear stain from the anthracycline family, which crosses both the plasma and nuclear membranes before binding to DNA in the cell nucleus. Because other anthracyclines have reported effects on membrane packing (Jedrzejczak et al. 1999; Kaye and Merry 1985; Pacilio et al. 1998 ) and some DRAQ5 TM can be seen to be associated with the plasma membrane, we hypothesized that DRAQ5
TM alters the fluidity of the plasma membrane when it crosses, thereby inhibiting the ability of LtxA to initiate the internalization process.
DRAQ5 TM Decreases Membrane Fluidity
To investigate the effect of DRAQ5 TM on membrane structure, we conducted a series of polarization studies in membranes composed of DMPC or POPC in the presence of DRAQ5
TM at concentrations ranging from 0 to 20 lM. For both types of membranes, the generalized polarization (GP) increased with increasing DRAQ5
TM concentration, as shown in Fig. 2a , indicating that DRAQ5 TM decreases the fluidity of both types of membranes.
The previous experiment, which was conducted at room temperature (23°C), where POPC exists in the liquid phase and DMPC in the gel phase, suggests that DRAQ5 TM decreases the fluidity in both gel and liquid phase membranes. To investigate the role of membrane phase behavior on the DRAQ5 TM -mediated change in fluidity, we conducted an additional experiment using DMPC with DRAQ5 TM concentrations ranging from 0 to 50 lM, at temperatures ranging from 10 to 45°C, as shown in Fig. 2b . In this experiment, we found that DRAQ5 TM broadens the gel-to-liquid transition (T m ) of DMPC but does not change the transition temperature (24°C). This finding was verified using differential scanning calorimetry (DSC). As shown in Table 1 , DSC demonstrated that the transition temperature of DMPC does not change significantly upon the addition of DRAQ5 TM . In addition, no changes in the pre-transition temperature of DMPC were detected. Together, these results indicate that DRAQ5 TM alters membrane fluidity without affecting the transition temperature of the membrane. The greatest effect on membrane fluidity occurs in fluid-phase DMPC bilayers, suggesting that the dye may have a preference for this lipid over POPC, and is better able to induce order in the fluidphase DMPC membrane relative to the gel-phase DMPC membrane.
DRAQ5 TM Inhibits LtxA Binding
We next investigated whether DRAQ5 TM -mediated alterations in membrane structure affected LtxA binding to membranes. Active LtxA was labeled with Alexa Fluor TM 555 (AF555, red) and incubated with GUVs composed of POPC and cholesterol and fluorescently labeled with NBD (green). When active AF555-LtxA (30 ng) was added to GUVs in the absence of DRAQ5 TM , the toxin was found to be associated with the membranes within 30 min, as shown in Fig. 3a . In contrast, no binding was detected when the same amount of active AF555-LtxA was incubated with vesicles that had been pretreated with DRAQ5 TM , as shown in Fig. 3b . These images suggest that DRAQ5 TM inhibits the ability of LtxA to bind to membrane lipids. In this experiment, the DRAQ5 TM remains associated with the membrane throughout the experiment (data not shown).
DRAQ5 TM Inhibits LtxA Membrane Disruption
Previously, we demonstrated that LtxA disrupts the bilayer structure of target cells (Brown et al. 2012) . To investigate the effect that DRAQ5 TM -mediated membrane fluidity changes have on the ability of LtxA to disrupt the membrane, we conducted another set of GP experiments, in which membrane disruption by LtxA was quantified as a decrease in GP. As the toxin disrupts membrane packing, more water penetrates to the interior of the membrane, resulting in a decrease in GP, as shown in Fig. 3b . The experiment was repeated in POPC liposomes that had been preincubated with one of the three different DRAQ TM concentrations. After DRAQ5 TM incubation, the GP remains constant with increasing LtxA concentrations, indicating that LtxA is unable to disrupt bilayer packing under these conditions. This experiment demonstrates that LtxA penetration into the bilayer is inhibited by DRAQ5 TM .
DRAQ5 TM Inhibits LtxA Toxicity
The previous results demonstrate that DRAQ5 TM -mediated alterations to membrane fluidity have a significant effect on the ability of the toxin to interact with the target cell membrane. To investigate whether these changes inhibit LtxA-induced toxicity, we observed the effects of low concentrations of DRAQ5 TM on target cell viability using both THP-1 and Jn.9 cells exposed to LtxA. In both the THP-1 (Fig. 4a) and Jn.9 (Fig. 4b ) cells, the viability of the LtxA-treated cells decreased significantly relative to PBStreated controls. The THP-1 and Jn.9 cells that were pretreated with DRAQ5 TM were less susceptible to LtxAmediated cytotoxicity compared to cells not treated with DRAQ5 TM . Cells treated only with DRAQ5 TM remained viable through the time course of the experiment. These results demonstrate that in both types of cells, DRAQ5 TM inhibits LtxA-mediated toxicity. DMPC was incubated with 0 lM (black circles), 2.5 lM (white triangles), 10 lM (black squares), or 50 lM (white diamonds) DRAQ5 TM , and changes in the GP, as the sample undergoes a transition from the gel (high GP) to the bilayer phase (low GP), were recorded. A two-way ANOVA indicates that the effect of temperature depends on the DRAQ5 TM concentration (p \ 0.001) 
Discussion
DRAQ5
TM is a membrane-permeable anthracycline derivative, which has been used as a chemotherapeutic drug (Smith et al. 2000) . The members of this family of molecules have wide-ranging effects on both the cell membrane and chromatin and have been used as antitumor agents because of their ability to cause cell cycle arrest (Chen et al. 2004; Hellin et al. 2000; Kim et al. 2009 ). DRAQ5 TM is often used as a nuclear stain because of its DNA binding as well as its ability to cross the plasma and nuclear membranes. This membrane permeation suggests that the dye may change the structure of the membrane to facilitate translocation. Several anthracycline derivatives have been shown to cause drastic complex changes in the cell membrane phase behavior. For example, emodin was shown to promote the formation of the non-bilayer, inverted hexagonal (H II ) phase, while barbaloin and daunomycin were found to promote the stable lamellar phase (Alves et al. 2004; Escriba et al. 1995) . Doxorubicin promotes the formation of the liquid phase, but inhibits the formation of this phase in the presence of cardiolipin (Tritton et al. 1978) . In addition, mitoxantrone, doxorubicin, daunorubicin, and idarubicin were found to cross the membrane through a flip-flop mechanism that was inhibited by cholesterol and promoted by increased temperature, suggesting that these molecules may induce H II phase formation (Regev and Eytan 1997; Regev et al. 2005) . We discovered that LtxA is unable to enter DRAQ5 TM -treated cells; after DRAQ5 TM treatment, LtxA was found on the plasma membrane but not within the cytosol. The association of LtxA with the cell membrane has been shown to require two essential elements: membrane lipids and an integrin receptor, LFA-1. We therefore hypothesized that DRAQ5
TM changes the structure of the cell membrane, which prevents the LtxA-mediated membrane interactions that are necessary for internalization through endocytosis; the localization of LtxA on the membrane of DRAQ5 TM -treated cells is due to its binding to LFA-1, which is unaltered by DRAQ5
TM . Here, we demonstrated that DRAQ5
TM does induce changes in the plasma membrane structure, which prevent LtxA internalization and binding to the plasma membrane. As a result of these changes, DRAQ5 TM -treated cells are resistant to LtxA (Fig. 5) .
Cells must maintain their membrane integrity and structure to function properly, and one way that they combat changes to membrane fluidity is to alter the membrane composition by adjusting the ratio of certain lipids, particularly cholesterol (to decrease fluidity) and phosphatidylethanolamine (PE, to increase fluidity) (Dawaliby et al. 2016) . We have previously shown that, like other bacterial toxins, e.g., (Alonso et al. 2000; Boesze-Battaglia et al. 2009; Farrand et al. 2010; Lai et al. 2013; Maxfield and Tabas 2005; Patel et al. 2002; Schwiering et al. 2013; Zitzer et al. 2001) , LtxA requires cholesterol in the plasma membrane to bind and kill target cells (Brown et al. , 2015 Fong et al. 2006 ). Thus, it is possible that the cell counteracts DRAQ5 TM -mediated decreases in the plasma membrane fluidity by decreasing the membrane cholesterol composition and that this change inhibits LtxA internalization. Studies to investigate this possibility are currently underway, along with experiments to generalize the mechanism by which changes in membrane fluidity by small molecules inhibit toxin activity.
The use of small molecules to inhibit toxin activity has been demonstrated recently (Bender et al. 2015) and represents an exciting alternative to antibiotics for the treatment of bacterial disease. Some of these molecules act by precipitating the targeted toxin from solution (Choi et al. 2007; Hisano et al. 2003; Verhelst et al. 2013) . We found that Draq5 inhibits toxin activity by directly modifying membrane structure, a finding that is similar to a previously reported finding that resveratrol inhibits cholera toxin (CT) activity by disrupting internalization of the toxin but not binding to the cell membrane (Morinaga et al. 2010) . Another recent study demonstrated that sumac tannins decrease membrane fluidity, as we found for DRAQ5 TM , and as a result, decrease hemolysis of erythrocytes by Bacillus cereus and hemolysin II (Olchowik-Grabarek et al. 2014) .
Together, these findings suggest that small alterations in membrane organization may represent a novel anti-virulence strategy. Rather than targeting bacteria with TM -mediated inhibition of LtxA internalization. In the absence of DRAQ5 TM , LtxA binds to the plasma membrane, specifically cholesterol and LFA-1 (1). This causes the formation of large-scale clusters containing LtxA, LFA-1, and cholesterol (2). LtxA is then endocytosed and localized to lysosomes (3). LtxA disrupts the lysosomal membrane (H II phase induction), to be released to the cytosol (4). In the presence of DRAQ5 TM , the membrane structure is altered, which prevents LtxA from binding to the membrane lipids, but does not affect the toxin's affinity for LFA-1. This inhibition of toxin binding prevents the necessary interactions of LtxA with the membrane that promote antibiotics, an anti-virulence approach that inhibits toxin activity would specifically reduce the pathogenicity of the organism. By characterizing the mechanism by which DRAQ5 TM inhibits LtxA internalization and toxicity, we are now able to pursue alternative molecules that induce similar changes in membrane structure, with the goal of identifying therapeutic candidates for anti-toxin methods to treat A. actinomycetemcomitans infections.
